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Using polarized neutron reﬂectometry (PNR) we have investigated a [YBa2Cu3O7(10 nm)/La2/3Ca1/3MnO3
(9 nm)]10 (YBCO/LCMO) superlattice grown by pulsed laser deposition on a La0.3Sr0.7Al0.65Ta0.35O3 (LSAT)
substrate. Due to the high structural quality of the superlattice and the substrate, the specular reﬂectivity signal
extends with a high signal-to-background ratio beyond the fourth-order superlattice Bragg peak. This allows us
to obtain more detailed and reliable information about the magnetic depth proﬁle than in previous PNR studies on
similar superlattices that were partially impeded by problems related to the low-temperature structural transitions
of the SrTiO3 substrates. In agreement with the previous reports, our PNR data reveal a strong magnetic proximity
effect showing that the depth proﬁle of the magnetic potential differs signiﬁcantly from the one of the nuclear
potential that is given by the YBCO and LCMO layer thickness. We present ﬁts of the PNR data using different
simple blocklike models for which either a large ferromagnetic moment is induced on the YBCO side of the
interfaces or the ferromagnetic order is suppressed on the LCMO side. We show that a good agreement with the
PNR data and with the average magnetization as obtained from dc magnetization data can only be obtained with
the latter model where a so-called depleted layer with a strongly suppressed ferromagnetic moment develops
on the LCMO side of the interfaces. We also show that the PNR data are still compatible with the presence
of a small, ferromagnetic Cu moment of 0.25 μB on the YBCO side that was previously identiﬁed with x-ray
magnetic circular dichroism and x-ray resonant magnetic reﬂectometry measurements on the same superlattice
[D. K. Satapathy et al., Phys. Rev. Lett. 108, 197201 (2012)]. We discuss that the depleted layer thus should not
be mistaken with a “dead” layer that is entirely nonmagnetic but rather may contain a canted antiferromagnetic
or an oscillatory type of ordering of the Mn moments that is not detected with the PNR technique.
The interaction of the competing superconducting (SC)
and ferromagnetic (FM) order parameters is a fascinating
topic that has been extensively studied theoretically and
experimentally.1–3 In recent years signiﬁcant progress has
been made with thin-ﬁlm heterostructures from conventional
superconductors and elemental or alloy ferromagnets where
effects such as domain wall superconductivity,4 critical tem-
perature oscillations with the thickness of the FM layer in
SC/FM/SC junctions,5 and a long-range proximity effect of
a spin-triplet SC state through composite FM layers with
a noncollinear magnetic order6 were predicted theoretically
and conﬁrmed experimentally.7–11 These developments have
inspired concepts for new kinds of spintronic devices and
applications.12,13
Driven by curiosity and encouraged by the potential
for applications, researchers have also started to investigate
heterostructures involving high-Tc cuprate superconductors
(HTSC) and ferromagnetic manganites.14–19 The common
perovskite-related structure and similar in-plane lattice param-
eters, together with recent improvements in ﬁlm deposition
techniques, enable the layer by layer controlled epitaxial
growth of multilayers and superlattices (SLs) with very sharp
interfaces.17,20 Experiments on this kind of oxide SC/FM
heterostructures revealed effects such as a change in the SC
critical temperature Tc related to the presence and thickness
of the FM layers, and vice-versa;17,19 a SC-related giant
magnetoresistance in FM/SC/FM trilayers;21 the enhancement
of Tc by an external magnetic ﬁeld;22,23 and even a SC-induced
modulation of the magnetic moment in the FM layers.24
These observations provide encouraging evidence for a sizable
interaction between the SC and FM order parameters in these
cuprate/manganitemultilayer systems. They also show that not
only the superconducting but also the magnetic properties of
these oxide heterostructures are extremely versatile and need
to be thoroughly investigated.
Polarized neutron reﬂectometry (PNR) measurements on
YBa2Cu3O7/La2/3Ca1/3MnO3 (YBCO/LCMO) SLs have in-
deed revealed an unusual kind of magnetic proximity effect
that gives rise to a signiﬁcant change of the FM order in the
vicinity of the YBCO/LCMO interfaces. PNR measurements
on SLs with equally thick YBCO and LCMO layers, for
which the even-order superlattice Bragg peaks should be
absent for symmetry reasons, showed that a second-order
Bragg peak appears and gains considerable intensity below
the FM transition temperature T Curie of the LCMO layers.25
This observation clearly showed that the depth proﬁle of the
magnetic potential has a lower local symmetry than the nuclear
one. In other words, the FM moment is either signiﬁcantly
modiﬁed (reduced) on the LCMO side of the interface or a FM
moment is induced on the YBCO side. Two different models
were proposed in Ref. 25 to describe this magnetic proximity
effect: a so-called “dead layer model” with a strongly reduced
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magnetization on the LCMO side, and a so-called “inverse
proximity effect model” where ferromagnetic Cu moments
antiparallel to the Mn moments in LCMO are induced on the
YBCO side of the interface. It was not possible to distinguish
between these two possibilities since the PNR data contained
only a fairly limited range in momentum space such that
the superlattice Bragg peaks beyond the second order were
not observed. Later on, it was found that this is due to a
problem of the SrTiO3 (STO) substrates for which a structural
transition below 100K can give rise to a buckling of the surface
with micrometer-sized structural domains that are tilted up to
0.5◦.24,26 It was shown that this tilting extends into the SL
on top of the STO substrate and thus gives rise to a large
broadening or even a pronounced splitting of the PNR specular
signal along the 2θ direction of the detector.
In the meantime, i.e., before this problem with the STO
substrates had been fully appreciated, additional experiments
of YBCO/LCMO SLs on STO substrates were reported that
supported either the dead layer model or the inverse proximity
effect model. Hoffmann et al. reported an enhancement in the
Mn 3d occupation next to the interface and concluded that their
PNR data support the dead layer model.27 On the other hand,
Chakhalian et al. reported x-ray magnetic circular dichroism
(XMCD) data which established the presence of a ferromag-
netic Cu moment and thus were interpreted in terms of the
“inverse proximity effect model.”28 Seemingly contradictory
results were also reported concerning theoretical calculations.
The density functional theory calculations performed by Luo
et al. predicted a strongly reduced ferromagnetic or even
antiferromagnetic coupling for the Mn atoms next to the
interfaces,29 whereas the theoretical work of Salafranca et al.
concluded that the negative spin polarization of Cu in YBCO
layers is a key ingredient to explain the observed enhancement
of Tc with magnetic ﬁeld observed in LCMO/YBCO/LCMO
trilayers.22,30
More recently, some of the present authors have been
shedding new light on this seemingly contradictory issue of the
magnetic proximity effect. They investigated a YBCO/LCMO
SL on a La0.3Sr0.7Al0.65Ta0.35O3 (LSAT) substrate which is
well lattice-matched and avoids the complications of the
buckling of the STO substrates.31 On this SL they performed a
combination of PNR, XMCD, and x-ray resonant magnetic
reﬂectometry (XRMR) which showed that the magnetic
proximity effect at the YBCO/LCMO interface involves in
fact both phenomena, i.e., a suppression of the FM moment
on the LCMO side and, yet, an induced ferromagnetic Cu
moment on the YBCO side. The latter was ﬁrmly established
by the XMCD and especially by the XRMR measurements
at the Cu-L edge which conﬁrmed that the ferromagnetic
Cu moments reside within the YBCO layers. Speciﬁcally,
they demonstrated that the ferromagnetic Cu moments do
not arise from a small amount of Cu ions that might have
been incorporated in the LCMO layers. The existence of a
layer with a depleted FM moment on the LCMO side was
inferred from the analysis of the PNR data which extend with
a sufﬁcient signal-to-noise ratio to the fourth-order superlattice
Bragg peak. In this manuscript we present the details of the
analysis of these PNR data which could not be shown in the
previous short Letter. Speciﬁcally,we show that the “dead layer
model,” or rather the “depleted layer model” as we prefer to
call it for the reasons given below, accounts well for the PNR
data. We also show that alternative models fail to reproduce
important features of the PNR curves.
We remark that this observation has important implications.
In combination with the XMCD and XRMR data, which
reveal the existence of an induced FM Cu moment on the
YBCO side of the interface, it suggests that a strongly reduced
but ﬁnite FM order or possibly even a noncollinear magnetic
order of the Mn moments persists in the depleted layer which
mediates the antiparallel coupling between the Cu moments in
YBCO and the Mn moments in the central part of the LCMO
layers. The so-called depleted layer therefore should not be
considered as a magnetically “dead layer;” instead it seems
very much alive and may play an important role, for example,
in the recently reported long-range SC proximity effect.32,33
I. EXPERIMENTAL
All the measurements presented in this report have been
performed on the same [YBCO (10 nm) /LCMO (9 nm)]10
SL that was grown on a LSAT substrate with pulsed laser
deposition (PLD) as described elsewhere.20 The substrate
with a size of 10 × 10 mm2 and a thickness of 0.5 mm
was purchased from Crystec. The monolayer by monolayer
growth has been controlled with in situ reﬂection high-energy
electron diffraction (RHEED). Resistivity measurements were
performed using the four-point probe option of a physi-
cal properties measurement system (PPMS) from Quantum
Design (model QD6000). The magnetization was measured
on a small piece cut from the corner of the sample using
the vibrating sample magnetometer (model P525) option of
the PPMS system. X-ray reﬂectivity (XRR) measurements
were carried out with the UE56/2-PGM1 beamline at BESSY
in Berlin, Germany, using the MPI-IS ErNST end station.
The PNR measurements were performed with the two-axis
reﬂectometers NREX at FRM-II in Munich, Germany, and
SuperADAM at ILL in Grenoble, France. Magnetic ﬁelds up
to 4 kOe oriented perpendicular to the scattering plane and
parallel to the ﬁlm surfacewere producedwith electromagnets.
The temperatures and applied magnetic ﬁelds were as follows:
(4 K, 4000 Oe, NREX), (100 K, 4000 Oe, NREX), (300 K, 0
Oe, NREX), (10 K, 100 Oe, SuperADAM), (100 K, 100 Oe,
SuperADAM), (300 K, 0 Oe, SuperADAM).
The PNR curves have been ﬁtted using the SUPERFIT
package originally developed at the Max-Planck-Institut
Stuttgart.34 This package uses the maximum likelihood
probability algorithm to deﬁne the minimizing function; the
minimization is performed with the MINUIT package.35 The
likelihood estimator is deﬁned as
l =
N∑
i=1
[
yi − xi + xi ln
(
xi
yi
)]
,
where N is the total number of data points, xi is the
measured intensity, and yi is the calculated intensity using
the supermatrix formalism.36 Reported in the following is the
reduced likelihood estimator lred = l/(N − n), where n is the
number of ﬁtted parameters. We used a modiﬁed version of
the SUPERFIT program, which allows us to ﬁt several data sets
simultaneously with global parameters, to ﬁt more reliably the
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common structural parameters. The simulations of the XRR
data have been performed using the software package GenX.37
II. RESULTS AND DISCUSSION
Figure 1 shows the temperature dependence of the re-
sistance and the ﬁeld-cooled (FC) magnetization of the
YBCO/LCMO SL. The resistance shows a sharp decrease
at the onset of the superconducting transition at Tc = 88 K
and vanishes below 72 K. The ferromagnetic transition at
T Curie = 201 K is evident from the sudden increase in the
magnetic moment as well as from a kink in the temperature
dependence of the normal state resistance. The latter feature
originates from the insulator-to-metal transition in the LCMO
layer which coincides with the ferromagnetic ordering.
Figure 2 shows the unpolarized neutron reﬂectivity curves
that were obtained at room temperature. The slight differences
between the two curves are due to the different experimental
conﬁgurations; for SuperADAM we used a high-resolution
setup whereas for NREX the signal-to-noise ratio was en-
hanced at the expense of a lower resolution. Both curves
exhibit a sharp reﬂection edge and a set of well-deﬁned
superlatticeBragg peaks (SLBPs). The latter originate from the
constructive interference between the neutron waves that are
reﬂected from all the interfaces of the SL. The position, width,
and intensity of the SLBPs contain the information about the
average value and the variation of the thickness of the individ-
ual YBCO and LCMO layers. Additional information about
the roughness of the SL is contained in the form of the overall
decrease toward large momentum transfer of the reﬂectivity
curve beyond the reﬂection edge. In the absence of roughness
this decrease follows a q−4z law, where qz is the value of the
normal momentum transfer. The roughness makes this overall
decrease of the intensity of the reﬂectivity curve even faster.
The high-resolution data from SuperADAM also show
a high-frequency oscillation in the qz range between the
reﬂection edge and the ﬁrst SLBP. These are so-called Kiessig
fringes that originate from the interference between the
reﬂections from the surface (ambient/LCMO) and the bottom
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FIG. 1. (Color online) Temperature dependence of the resis-
tance and the magnetic moment in ﬁeld-cooled (FC) mode with
H = 100 Oe applied parallel to the layers as measured on the
YBCO/LCMO superlattice. It shows the onset of the superconducting
transition at Tc = 88 K and the ferromagnetic transition at T Curie =
201 K. Inset: Magnetic hysteresis loops measured at 10 K and 100 K.
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FIG. 2. (Color online) Unpolarized neutron reﬂectivity curves of
the YBCO/LCMO SL measured at room temperature with the NREX
and SuperADAM instruments. The curves are vertically shifted for
clarity. Symbols show the experimental data and solid lines the
best ﬁts that were obtained by ﬁtting both curves simultaneously.
The arrows mark the position of the SLBPs. Inset: Symbols show
the nonresonant XRR curve at 300 K. The solid line shows a
simulation using the parameters as obtained from the ﬁts of the
neutron reﬂectometry curves.
(interface with the LSAT substrate) of the SL. These features
testify to the high quality of our SL; from their period we
can deduce the thickness of the entire SL. The thickness of
the YBCO/LCMO bilayers can be inferred from the position
of the SLBPs. The information about the thickness ratio of
the YBCO and LCMO layers is contained in the intensity
variation of the even- and odd-order SLBPs. For example,
the even-order SLBPs are entirely suppressed if the YBCO
and LCMO layers have exactly the same thickness. This is
a destructive interference phenomenon that originates from a
π -phase shift between the neutron waves that are reﬂected at
the YBCO/LCMO and the LCMO/YBCO interfaces. It arises
because the scattering potential exhibits a steplike increase
at one of the interfaces and a corresponding decrease on the
opposite one. In the reﬂectivity curves in Fig. 2 the intensity
of the second- and fourth-order SLBPs is indeed much weaker
than the one of the ﬁrst- and third-order SLBPs. The ﬁnding
that the suppression of the even-order SLBP intensity is not
complete, i.e., that a small increase is observed at the position
of the second- and the fourth-order SLBPs, shows that there is
a small mismatch between the thicknesses of the YBCO and
LCMO layers.
As a starting point of our analysis we have simultane-
ously ﬁtted the two room-temperature unpolarized neutron
reﬂectivity curves to extract the structural parameters. The
result of the best ﬁt is shown by the solid lines in Fig. 2
and can be seen to describe the experimental data (symbols)
very well. The obtained values of the nuclear scattering
length density (SLD) are ρNYBCO = 4.511(12) × 1014 m−2 and
ρNLCMO = 3.531(12) × 1014 m−2; the thickness parameters are
dYBCO = 9.773(72) nm and dLCMO = 9.087(72) nm. The latter
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FIG. 3. (Color online) (a) Polarized neutron reﬂectivity curves of the YBCO/LCMO SL measured at low temperature after ﬁeld cooling in
100 Oe at SuperADAM for up |+〉 and down |−〉 polarization of the neutron spin with respect to the direction of the applied magnetic ﬁeld.
The lines show the best ﬁt for the depleted layer model for |+〉 (dashed) and |−〉 (solid) neutron spin channels. For clarity the curves at 10 K
are vertically shifted down by a factor of 102. (b) Close-up on a linear intensity scale in the region of the second and third SLBPs to aid the
comparison with the ﬁt. The depth proﬁles of the used nuclear and magnetic scattering length densities are shown in (c). The same data are
shown in (d)–(f) together with the best ﬁt using the model of an inverse magnetic proximity effect and, in (g)–(i), for the model of an induced
FM moment in YBCO that is parallel to the one in LCMO.
correspond to approximately 8 and 23 unit cells per YBCO
and LCMO layer, respectively. The obtained average interface
roughness of 8.5(2) A˚ is within experimental resolution
the same for both the YBCO/LCMO and LCMO/YBCO
interfaces. This value is slightly smaller than the c-axis
parameter of the YBCO unit cell and thus testiﬁes to the
high quality of the SL. As a consistency check, we have used
the obtained parameters for the thickness and roughness to
simulate the XRR curve that was measured on the same SL.
The inset of Fig. 2 shows the good agreement between the
experimental curve (symbols) and the calculation (solid lines)
for which only the value of the SLD has been adjusted.
Figures 3 and 4 show the low-temperature PNR curves
which have been measured after ﬁeld cooling in magnetic
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FIG. 4. (Color online) Same as in Fig. 3 but for the PNR data measured at NREX with an applied ﬁeld of 4 kOe.
ﬁelds of 100 Oe and 4 kOe with SuperADAM and NREX,
respectively. The magnetization loops in Fig. 1 show that at
4 kOe the sample is already fully magnetized. At 100 Oe the
sample is not fully saturated; the ﬁeld-cooled magnetization
data in Fig. 8 show that themagnetization reaches about 80%of
the saturation value. In ﬁtting these PNR curves the structural
parameters as obtained from the room-temperature curves (as
described above) have been used as a constraint that can vary
only within the error bar. This seems well justiﬁed, since
the expected changes due to the temperature dependence of
the lattice parameters of YBCO and LCMO are well within
these error bars. We have also conﬁrmed with temperature-
dependent x-ray measurements on a LSAT substrate that it
does not undergo any anomalous structural change. In addition,
Fig. 5 shows the off-specular scattering at 300 and 4 K
which conﬁrms that the anomalous broadening and splitting
of the specular reﬂection curves that was previously reported
for similar SLs on STO substrates at temperatures below
100 K24,26,38 is absent for the present YBCO/LCMO SL on
LSAT. The comparison of the maps in Figs. 5(a) and 5(b)
shows that for the reﬂection edge and the SLBPs the width
in the off-specular direction is small and does not change
signiﬁcantly between 300 and 4 K. The quality of the specular
reﬂectivity curves at low temperature accordingly remains very
high. As shown in Figs. 3 and 4, the intensity of the reﬂectivity
curves does not fall off signiﬁcantly faster at 10 K or 4 K than
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FIG. 5. (Color online) Maps of the off-specular reﬂection of the YBCO/LCMO superlattice measured (a) with unpolarized neutrons at
300 K and (b) for the |+〉 spin channel at 4 K after ﬁeld cooling in a ﬁeld of 100 Oe.
at 300 K and the signal remains well above the background
level for the qz values up to 0.14 A˚−1 which includes the
fourth-order SLBP.
The shape of the reﬂectivity curves below T Curie = 201 K,
as shown in Figs. 3 and 4, depends on whether the incident
neutron spin is parallel (|+〉) or antiparallel (|−〉) to the
applied magnetic ﬁeld. This is due to the additional magnetic
potential which is comparable in size to the nuclear one and
for which the sign depends on the orientation of the FM
moments with respect to the one of the neutron spins. It is
also evident that the second- and the fourth-order SLBPs,
which were almost absent in the curves at 300 K, have gained
a lot of intensity and became very pronounced features in
the PNR curves at 100 K, 10 K, and 4 K. As was already
discussed in the introduction, this is a clear indication that
the magnetic potential has a lower local symmetry than the
nuclear one. For the latter the even-order SLBPs were almost
absent due to the similar thickness of the YBCO and LCMO
layers. The magnetic potential due to the ferromagnetic order
obviously does not exhibit a steplike increase right at the
YBCO/LCMO interface or a corresponding decrease at the
LCMO/YBCO interfaces. Instead, there must be either a
signiﬁcant decrease of the FM moment on the LCMO side
of the interface or a corresponding increase on the YBCO
side.
Due to the lack of the phase information in the reﬂectometry
measurement the shape of the depth proﬁle of the magnetic
potential cannot be directly extracted from the PNR data.
The reﬂectivity curves can still be analyzed with different
realistic models and their validity can be judged based on how
well they reproduce the data. As was the case in Ref. 25, it
may still happen that different models lead to similar results
and therefore cannot be distinguished. In the following we
show that this ambiguity can be overcome with reﬂectivity
curves that extend up to larger qz values where the differences
between the various models become more pronounced.
We consider three different models and evaluate how well
they can reproduce the PNR data. Model 1 corresponds to the
depleted layer model that has been outlined in the introduction.
For simplicity, a layer with a completely suppressed FM
moment is introduced here on theLCMOside of each interface.
The thickness of this layer is a ﬁtting parameter.
Model 2 describes the inverse magnetic proximity effect,
where FM moments antiparallel to the Mn moments in LCMO
are induced on the YBCO side of the interface. In the ﬁrst
place, one expects that these are the Cu moments which have
been observed with the XMCD and XRMR measurements.
However, the magnitude of these ferromagnetic Cu moments
is reported to be only ∼0.25 μB.31 Therefore, it remains to be
seen whether they can account for the observed large increase
of the intensity of the even-order Bragg peaks. On the other
hand, we cannot completely exclude the possibility that an
additional, possibly even larger contribution arises from some
Mn ions that may have been incorporated in the YBCO layers,
for example due to an unwanted contamination or a diffusion
across the interface during the growth.
Model 3 accounts for a similar case where the induced FM
moment on the YBCO side is parallel to the one of the Mn
moments in LCMO and to the applied magnetic ﬁeld. Such a
contribution would have to arise solely from the Mn moments,
since the XMCD and XRMR data clearly established the
antiparallel orientation of the Cu moments.
For all three models we had to use a modiﬁed magnetic
potential for the topmost LCMO layer; i.e., a 2–3 nm thick
nonmagnetic layer has been introduced at the ﬁlm surface.
This was necessary to reproduce the sizable differences
between the |+〉 and |−〉 curves in the region right before
and after the ﬁrst-order SLBP.We suspect that this effect arises
from the interaction of the surface layerwith the ambientwhich
degrades the FM order in the ﬁrst few LCMO monolayers.
In the following we use the quality of the best ﬁts as the
criterion to determine the validity of each model. In addition,
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we compare the average value of the magnetization obtained
from the model with the experimental result as measured with
dc magnetization.
Figures 3 and 4 show the PNR curves at 100 K, 10 K,
and 4 K with the best ﬁts for each model (solid and dashed
lines) together with the obtained depth proﬁles of the nuclear
and magnetic scattering length densities. As was already
mentioned, the structural parameters have been constrained
to lie within the error bars of the parameters derived from the
unpolarized room-temperature curves. The obtained reduced
likelihood estimators for models 1, 2, and 3 of lred1 = 4.12,
lred2 = 5.18, and lred3 = 7.37, respectively, are in favor of model
1. The speciﬁc features where models 2 and 3 fail to describe
the experimental data are discussed next.
The close-up in Figs. 3(h) and 4(h) reveals that model 3 pre-
dicts a shift in the position of the second-order SLBP towards
lower (higher) qz for the |−〉 (|+〉) curve. Such a shift is not ob-
served in the experimental data where the maxima nearly coin-
cide and the splitting of the curves is due to the different inten-
sities of the peaks. The disagreement is especially obvious on
the high-qz side of the second-order SLBP where the intensity
of the ﬁtted |+〉 curve is higher than for the corresponding |−〉
curve, whereas in the experimental data the opposite trend is
observed. Such a discrepancy was already noted in Ref. 25 and
was used to discardmodel 3. Furthermore, we note that a rather
large value of the induced magnetization in the YBCO layers
has to be assumed for model 3 to account for the large intensity
of the second-order SLBP. For the ﬁts in Figs. 3 and 4 the
FM moment in the YBCO layer has been constrained to have
the same value as the one in the LCMO layers. When it was
released, the inducedmagnetization reached even larger values
whereas the quality of the ﬁt was not signiﬁcantly improved.
Already the constrained value appears to be unreasonably
large; e.g., for the PNR curves taken at 4 kOe it reaches
∼2.7 μB. Such a large ferromagnetic moment on the YBCO
side of the interface cannot arise from the induced Cu
moments; it would also require an unrealistically large con-
centration of Mn ions.
Model 2, as shown in the close-ups in Figs. 3(e) and 4(e),
can account reasonably well for the data in the vicinity of
the second-order SLBP. Nevertheless, it largely overestimates
the intensity of the third-order SLBP in the |−〉 curve. The
intensity of the third-order SLBP in the simulation could be
reduced assuming an increased roughness of the magnetic
potential. However, this would lead to a faster decay of the
curve to the background level which is not observed. It would
also further enhance the discrepancy at the fourth-order SLBP
where the ﬁt already severely underestimates the peak intensity
of the |−〉 curve. Furthermore, model 2 has the same problem
as model 3 concerning the very large value of the induced
moment in the YBCO layers that has to be assumed. Once
more, for the ﬁt in Figs. 3(d) and 4(d) the FM moment
in the YBCO layer has been constrained to be the same
as the one in the LCMO layers; i.e., at 4 kOe it reaches
∼2.7 μB. This value is larger than the moment of ∼1 μB
of Cu+2 and one order of magnitude larger than the value
reported from the XMCD measurements performed on the
same sample, ∼0.25 μB.31 If the induced magnetic moment is
for example bounded to 1 μB, the intensity of the second-order
SLBP is largely reduced and the overall quality of the ﬁt is
strongly reduced. Model 1 is clearly the one that reproduces
the measured data the best and yields a realistic magnitude
of the ferromagnetic moments. The position, spin splitting,
and intensity of all SLBPs are reasonably well described.
Only the overestimation of the intensity of the fourth-order
SLBP in the |+〉 curve at NREX can be regarded as a
signiﬁcant mismatch between the simulation and the data.
The very fact that such a simple blocklike model reproduces
all features of the measurement is remarkable and conﬁrms
that it contains the main characteristics of the magnetic depth
proﬁle of the SL. These simulations clearly establish the trend
that a sizable suppression of the FM moment on the LCMO
side of the interface is responsible for the occurrence of the
even-order SLBPs. The characteristic length of the decay of
the ferromagnetic moment at the interface should therefore
be directly related to the calculated thickness of the depleted
layers which are shown in Table I for the different temperatures
and ﬁelds.
For the bottom interface the depleted layer thickness
is as large as 19 A˚ showing that the suppression of the
magnetization extends rather far into the LCMO layers. The
similar values of the thickness of the depleted layer (within
the error bars) at 100 Oe and 4 kOe show that the depleted
layer is hardly affected by the external magnetic ﬁeld. This
excludes for example an explanation in terms of a different
ferromagnetic phase that has a larger saturation ﬁeld than the
one in the center of the LCMO layers. It also appears that
the thickness of the depleted layer is consistently larger for
the bottom interface than for the one on top of the LCMO
layer (in terms of the SL growth direction). The origin of
this difference is not known. It may be related to a structural
difference that is imposed by a different growth process.
However, as already discussed, concerning the roughness we
did not ﬁnd a signiﬁcant difference between the top and
bottom interfaces. Furthermore, a recent transmission electron
microscopy (TEM) study on superlattices that were grown
under identical conditions did not provide any indication for
such a difference.20 Surprisingly, but in good agreement with
a previous study of similar superlattices on STO substrates,39
the TEM images reveal that both the YBCO/LCMO and the
LCMO/YBCO interfaces involve the same kind of CuO2-Y-
CuO2-BaO-MnO2 layer stacking sequence for which the last
YBCO unit cell is lacking the CuO chains. The expected
asymmetry of the interfaces, where a CuO chain layer should
be adjacent to one of the interfaces and a CuO2 bilayer to
the other one, could not be observed. This still leaves the
possibility that the layer separating the CuO2 andMnO2 planes
may have a different stoichiometry; i.e., it may have a variable
Ba and La or Ca content. At the lowest temperatures of 4 K
TABLE I. Thickness of the depleted layers at the bottom and top
interfaces as obtained with model 1 at different temperatures and
applied magnetic ﬁelds.
T ,H dbottomdep (A˚) d topdep (A˚)
10 K, 100 Oe 14.0(7) 9.3(7)
100 K, 100 Oe 17.9(7) 8.5(7)
4 K, 4 kOe 13.2(7) 11.0(7)
100 K, 4 kOe 19.0(7) 8.4(7)
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FIG. 6. (Color online) Room-temperature reﬂectivity curves
(symbols) of the YBCO/LCMO SL measured with (a) neutrons and
(b) x rays. The dashed lines show the best ﬁt with a roughness of 8.5
A˚ at both the top and bottom interfaces that was also shown in Fig. 2.
The solid lines show a simulation in which a roughness of 16 A˚
and 9.5 A˚ was assumed for the LCMO bottom and top interfaces,
respectively. Insets: Magniﬁcation around the high-order SLBPs to
highlight the difference between the two models.
and 10 K, the thickness of the bottom (top) depleted layers is
reduced (increased) with respect to the values at 100 K. These
changes lead to a sizable reduction of the asymmetry between
the two interfaces.
We emphasize that the depleted layers cannot be simply
interpreted in terms of a roughness-induced effect. While the
average thickness of the top depleted layers (∼9.5 A˚) and the
interface roughness that is obtained from the room-temperature
PNR and XRR curves (∼8.5 A˚) are similar, the large thickness
of the depleted layer at the bottom interface (up to 19 A˚)
suggests that there is no correlation between the size of the
depleted layers and the interface roughness. Figure 6 shows
that both the PNR and the XRR data are not in agreement with
a model for which the interface roughness is assumed to match
the average thickness of the depleted layers of 16 A˚ and 9.5 A˚
for the bottom and top LCMO interfaces, respectively. There is
a clear trend that such an enhanced interface roughness would
lead to a stronger suppression of the intensity of the higher
order SLBPs than is observed in the experiment. It would also
yield the wrong size and shape of the symmetry-forbidden
second-order SLBP. Besides, such a structural roughness could
also not explain the observation that the thickness of the
depleted layer exhibits a signiﬁcant temperature dependence
as discussed above.
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FIG. 7. (Color online) Low-temperature PNR curves of the
YBCO/LCMO SL at 4 kOe. The solid and dashed lines are the results
of the ﬁt usingmodel 1a; here themagnetization in the depleted layers
is ﬁtted and the thicknesses of the top and bottom interfaces are set
as common among all data sets.
To obtain further information about the magnetic nature of
the depleted layers, we have modiﬁed the ﬁtting with model 1
by allowing for a ﬁnite magnitude of the FM moments in the
depleted layer (treating the net magnetization in the depleted
layers as a ﬁtting parameter). To keep the number of ﬁtting
parameters reasonably low, we have now set the thickness of
the depleted layers for the top and bottom interfaces to be
common for all temperatures and ﬁelds. This modiﬁcation is
labeled as model 1a and the comparison of the ﬁtted curves
using this model and the PNR data at 4 kOe data is shown
in Fig. 7. The inset shows the obtained depth proﬁle of the
scattering length densities, for which the magnetic part is
proportional to the FM moment. In agreement with the results
obtained for model 1, shown in Table I, the thicknesses of the
top and bottom depleted layers are calculated as 9.2(7) A˚ and
20.1(7) A˚, respectively. It appears that the best ﬁt obtained
with model 1a is indeed very similar to the one of model 1 (see
Fig. 4) and results in the same value of the reduced likelihood
estimator of lred1a = 4.12. The ﬁt with model 1a yields a ﬁnite
magnetic scattering length density near the bottom interface
corresponding to a FM moment of about 20% of the one in
the central part of the LCMO layers. This value increases
slightly as the temperature is reduced from 100 K to 4 K, in
good agreement with model 1 where a corresponding decrease
of the depleted layer thickness was obtained. Near the top
interface the ﬁt with model 1a does not yield a ﬁnite value of
the FM moment. Nevertheless, given the crude assumption
of blocklike magnetic potentials, we are not sure whether
these ﬁt results are signiﬁcant. Therefore we cannot draw any
ﬁrm conclusion about the presence of a small ferromagnetic
moment in the depleted layers.
As a next step, we have addressed the question of whether
the induced ferromagnetic Cu moments in the YBCO layers
are playing a signiﬁcant role for the ﬁtting of the PNR curves.
The presence of these Cu moments was conﬁrmed by the
XMCD and XRMR measurements performed on the same
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sample which suggest an average FM moment of 0.25 μB per
Cu ion that is antiparallel to the applied ﬁeld and the moments
in LCMO.31 We have therefore modiﬁed model 1 to allow
in addition to the depleted layers on the LCMO side for a
small, antiparallel moment on the YBCO side. It turned out
that these Cu moments do not signiﬁcantly modify or improve
the ﬁt results. This is not surprising since these Cu moments
are about ten times smaller than the Mn moments in the
central part of the LCMO layers and so are the corresponding
values of the magnetic potential and the magnetic scattering
length density. The PNR curves thus are governed by the
larger magnetic moments inside the LCMO layers and are
hardly sensitive to the much smaller Cu moment in the YBCO
layers. While the PNR technique apparently is not sensitive to
these ferromagnetic Cu moments, we point out once more that
these have been unambiguously identiﬁed with resonant x-ray
absorption and reﬂection techniques.28,31
Finally, we have tested the validity of the ﬁts as obtained
with models 1–3 by comparing the average magnetic moment
of the ﬁtted proﬁle [see Figs. 3 and 4, panels (c), (f), and (i)]
with the experimental value as obtained from dcmagnetization
measurements. The result is summarized in Fig. 8which shows
the magnetic moment from the ﬁeld-cooled dc magnetization
measurements at 100 Oe and 4 kOe (solid lines) together
with the magnetic moments as calculated from the best ﬁts
of models 1, 1a, 2, and 3 to the PNR curves at 100 Oe
and 4 kOe (symbols). This comparison shows a very good
agreement for models 1 and 1a and large discrepancies for
models 2 and 3. For model 3 where the FM moments in
the LCMO and YBCO layers are assumed to be parallel, the
calculated magnetic moment is almost twice as large as the
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FIG. 8. (Color online) Comparison of the average magnetic
moment as determined experimentally from ﬁeld-cooled dc magneti-
zation measurements at 100 Oe and 4 kOe (solid lines) and calculated
from the magnetic potential obtained with model 1 (circles), model
1a (squares), model 2 (upwards triangles), and model 3 (downwards
triangles) from the ﬁts to the PNR curves measured at 100 Oe (open
symbols) and 4 kOe (solid symbols). The size of the symbols of
the calculated magnetic moments reﬂects the error bars. The error
bars of the dc magnetization data arise from the statistical errors
and the uncertainty of the volume of the small piece used for the dc
magnetization measurements.
measured one. For model 2 the calculated magnetic moments
are signiﬁcantly smaller than the measured ones. Evidently,
this is a consequence of the assumption that the FM moment
in the YBCO layers is antiparallel to the ones in the LCMO
layers. This comparison clearly argues against models 2 and
3 and emphasizes the relevance of models 1 and 1a in terms
of the depleted FM layer on the LCMO side of the interfaces.
The discrepancy between the calculated magnetic moment of
models 1 and 1a and the experimentally measured value never
exceeds 15% and it is almost within the error bars. Given the
simplicity of the model, with its simple blocklike potentials,
this agreement can be considered as excellent. The somewhat
larger difference that appears in the low-ﬁeld data at 100 Oe,
where the magnetization is not yet fully saturated, may have
its origin in a weak spin-ﬂip scattering which would contribute
to both spin channels, especially around the ﬁrst Bragg peak,
and thus enhance the calculated magnetic moment.
To conclude, the analysis of the PNR data as shown above
provides clear evidence for the presence of a so-called depleted
layer on the LCMO side of the interfaces in which the
ferromagnetic moment of the Mn ions is strongly suppressed
as compared to the one in the central part of the LCMO layers.
These depleted layers extend into the LCMO layers up to dis-
tances larger than the calculated interface roughness and there-
fore are not likely just the result of chemical and/or structural
disorder. At the top interface the depleted layer extends over
about 3 LCMOunit cells (with a lattice parameter of 3.9 A˚) and
at the bottom interface it involves even 4–5 LCMO unit cells.
The depleted layer thickness also has a signiﬁcant temperature
dependence. When cooling from 100 K to 10 K or 4 K, the
asymmetry between the interfaces is reduced and the total
thickness of the depleted region decreases considerably. As re-
ported in Ref. 31, this decrease appears to be even anomalously
enhanced below the superconducting transition temperature.
Additional evidence for an intrinsic electronic origin of the
depleted layers in the YBCO/LCMO SL comes from the ob-
servation that the magnetic proximity effect and thus these de-
pleted layers are absent for a correspondingYBCO/LaMnO3+δ
SL for which the manganite layers are insulating.31 The large
FM moments of the Mn ions persist here right up to the
interface. Furthermore, there is the observation of the XMCD
and XRMR studies that a ferromagnetic (or strongly canted
antiferromagnetic) order of the Cu moments is induced on
the YBCO side of the interfaces of the YBCO/LCMO SL.
Notably, these Cu moments are much weaker or even absent in
the YBCO/LMO SLs where the FM order of the Mn moments
persists right up to the interface. These observations suggest
that the induced ferromagnetic Cu moments in the YBCO
layers are a central part of the magnetic proximity effect just as
much as the suppression of the FMmoment on the LCMO side
of the interface. The apparent antiparallel coupling between the
induced Cumoments in theYBCO layers and theMnmoments
therefore requires that the depleted layermaintain some kind of
magnetic order. Likely, this involves a noncollinear magnetic
order that cannot be detected with the PNR technique which
probes the average FM component.
We note that such a noncollinear magnetic order may have
important consequences for the superconducting proximity
effect in these YBCO/LCMO superlattices. It was previously
shown that it can induce a spin-triplet component of the

ht
tp
://
do
c.
re
ro
.c
h
superconducting order parameter which has a long-ranged
proximity effect into the FM layers.3,12 Evidence for such
a scenario has indeed been reported very recently based
on the observation of equal-spin Andreev reﬂections in
YBCO/LCMO interfaces.32
III. SUMMARY
We have performed wide qz range PNR measurements
in a YBCO/LCMO SL for different applied ﬁelds and
temperatures. The emergence of the second-order SLBP below
T Curie evidences a mismatch of the magnetic potential with
respect to the nuclear one. After ﬁtting the data with three
different models and comparing the results we have ruled out
the possibility of an induced magnetic moment in YBCO
as the main origin of the asymmetry. Our results suggest
that the asymmetry in the potential mainly comes from the
existence a so-called depleted layer in the LCMO side of
the interface where the net FM moment is strongly reduced.
The characteristic length of this reduction is larger than the
expected interface roughness suggesting an electronic rather
than structural origin for the depletion zones. The actual
magnetic state of the depleted layers could consist of some
canted or oscillatory order as suggested by the induction
of a Cu moment in the YBCO side and the observation of
long-range spin-triplet correlations inside the FM layers in a
similar system.
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